Regulating molecular interactions in the T-cell synapse to prevent autoimmunity or, conversely, to boost anti-tumor immunity has long been a goal in immunotherapy. However, delivering therapeutically meaningful doses of immune-modulating compounds into the synapse represents a major challenge. Here, we report that covalent coupling of maleimide-functionlized nanoparticles (NPs) to free thiol groups on T-cell membrane proteins enables efficient delivery of compounds into the T-cell synapse. We demonstrate that surface-linked NPs are rapidly polarized toward the nascent immunological synapse (IS) at the T-cell/APC contact zone during antigen recognition. To translate these findings into a therapeutic application we tested the NP delivery of NSC-87877, a dual inhibitor of Shp1 and Shp2, key phosphatases that downregulate T-cell receptor activation in the synapse, in the context of adoptive T cell therapy of cancer. Conjugating NSC-87877-loaded NPs to the surface of tumor-specific T cells just prior to adoptive transfer into mice with advanced prostate cancer promoted a much greater T-cell expansion at the tumor site, relative to co-infusing the same drug dose systemically, leading to enhanced survival of treated animals. In summary, our studies support the application of T-cell-linked synthetic NPs as efficient drug delivery vehicles into the IS, as well as the broad applicability of this new paradigm for therapeutically modulating signaling events at the T-cell/APC interface.
Introduction
Immune cells communicate via the formation of a receptorcontaining adhesive contact zone termed an immunological synapse [1] . Upon encounter with antigen-presenting cells (APCs), T lymphocytes spatially rearrange membrane receptors, accessory molecules and downstream signaling molecules toward the T cell-APC junction to facilitate the accurate interaction of stimulatory and inhibitory ligands with their respective receptors, to modulate T-cell expansion and, ultimately, to determine T-cell fate [2] . Therefore, regulation of these molecular interactions arises as an important therapeutic strategy to prevent pathological selfreactivity (autoimmunity) or, conversely, to boost immunity against infections or tumor cells [3] . To this end, antibodies targeting stimulatory receptors (CD28, OX-40, 4-1BB) or inhibitory molecules (e.g., PD-1) in the immunological synapse have entered advanced clinical testing [4] , and an antibody blocking the inhibitory receptor CTLA-4 expressed by activated T-cells has recently received FDA approval for cancer therapy [5] . A challenge with targeting proteins involved in signaling at the IS is that these receptors may be sterically shielded from antibody or recombinant ligand therapeutics by virtue of the tight contact formed between T-cells and antigen-presenting cells or target cells [6e8]. For example, CTLA-4 is sequestered in intracellular stores in T-cells and on T-cell receptor triggering, the receptor is delivered to the cell surface directly within the synapse [7, 9] . In addition, potent ligands that promote T-cell function by engaging stimulatory receptors or blocking inhibitory receptors have the potential for serious autoimmune consequences when administered systemically in a manner that allows the entire lymphocyte compartment to be stimulated [10, 11] . Thus, strategies to focus these T-cell-amplifying signals on antigen-specific cells attacking a disease target are desired to simultaneously increase the efficacy and saftey of these agents.
In parallel to efforts targeting cell surface receptors involved in T-cell stimulation, membrane-permeable small molecule compounds that can suppress or activate T-cell receptor (TCR) proximal intracellular signaling pathways have undergone preclinical and early-stage clinical evaluation [12e15] . Critical kinases, phosphatases, and adapters involved in TCR signaling associate with receptors or lipid rafts trafficked into the IS, leading these critical intracellular signaling components to also be enriched in the synapse at the cytoplasmic face of the T-cell membrane [13, 16] . Clinical success of such synapse signaling-targeting compounds will hinge on delivering therapeutically meaningful doses of these drugs to the IS where these pathways are active. In addition, like reagents targeting receptors involved in the regulation of T-cell priming, these small-molecule drugs have potential for serious off-target as well as on-target autoimmune consequences, and their safety and efficacy will likely require a means to focus their action on disease-specific lymphocytes.
An attractive clinically-relevant setting for targeted delivery of immunomodulatory drugs to T-cells is in adoptive cell therapy (ACT). In ACT, autologous disease-specific T-cells are isolated from patients [17, 18] or generated ex vivo by genetic engineering [19, 20] , stimulated to differentiate into potent effectors, and then reinfused into the patient to treat metastatic cancer or infectious disease [21, 22] . To enhance the efficacy of ACT, we recently showed that lipid or polymer particles in the 100e300 nm size range can be linked to T-cells via maleimide-thiol conjugation without compromising cell function [23] . Using this simple ex vivo conjugation process, we showed that immunocytokines that promote Tcell function could be slowly released from cell-bound nanoparticles (NPs) and primarily recaptured by particle-carrying cells in autocrine signaling loops. Surface-decorating tumor-specific T cells with cytokine-loaded NPs greatly increased T-cell number, anti-tumor function, and longevity after subsequent in vivo transfer [23, 24] .
In this study, we investigated whether, beyond providing infused T cells with autocrine sources of growth factors, covalent coupling of maleimide-functionlized nanocarriers to free thiol groups on T-cell membrane proteins could enable efficient delivery of therapeutic small-molecule drugs into the T-cell synapse. We assessed by time-lapse microscopy whether plasma membraneanchored NPs alter their surface distribution in response to the dynamic behavior of their carrier T-cell and polarize toward the nascent immunological synapse at the T-cell/APC contact zone, and we identified by mass spectrometry predominant anchor proteins of T-cell-conjugated NPs. To evaluate the therapeutic potential of T-cell-linked synthetic NPs as drug delivery vehicles into the immunological synapse we tested the delivery of NSC-87877 [25] , a small molecule dual inhibitor of Shp1 and Shp2, key phosphatases which downregulate T-cell receptor activation in the synapse [26] , in the context of adoptive T-cell therapy of cancer.
Methods

Preparation of lipid nanoparticles
To synthesize stable maleimide-functionalized liposomes, we hydrated a dry lipid film (1.2 mg total lipids) composed of the maleimide-headgroup lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidomethyl) cyclohexane-carboxamide] (MCC-PE), hydrogenated soybean phosphatidylcholine (HSPC), and cholesterol (all Avanti Polar Lipids) in a molar ratio of 40:30:30, respectively, with 50 mM HEPES/150 mM NaCl-buffer pH 6.5 (500 ml) at 62 C for 2 h to form large multilamellar vesicles (MLVs). The resulting vesicles were sized by repeated extrusion at 62 C through a polycarbonate membrane (Nucleopore, Whatman, NJ) of 200 nm pore size. After extrusion, liposomes were washed with 12 ml phosphate buffered saline pH 7.4 (PBS) and collected via ultracentrifugation at 30,000 rpm for 6 h. The liposome pellet was resuspended in 1 ml PBS and used immediately. For the preparation of fluorescent liposomes, 0.11 mg 1,1 0 -dioctacdecyl-3,3,3 0 ,3-tetramethylindodicarbocyanine (DiD, Invitrogen) was admixed to the lipids before solvent evaporation. The SHP1/2 PTPase inhibitor NSC-87877 (EMD chemicals) was encapsulated in the aqueous core of liposomes by dissolving 300 mg NSC-87877 in 500 ml of the 50 mM HEPES/150 mM NaCl-lipid hydration buffer. Particle sizes were determined by dynamic light scattering on a Brookhaven 90Plus particle sizer.
Preparation of 2C effector T cells for adoptive transfer and retroviral transduction with click beetle red luciferase
Animals were housed in the MIT Animal Facility and all mouse studies were performed in accordance with protocols approved by the MIT Division of Comparative Medicine following federal, state, and local guidelines. To isolate antigenspecific T-cells, spleens of 2C TCR transgenic mice were harvested, macerated over a filter, and resuspended in ACK lysing buffer (Biosource, Rockville, MD). Effector 2C CD8 þ T cells were prepared by incubating splenocytes (3 Â 10 6 /mL) in complete RPMI 1640 with 1 ng/mL interleukin-7 (PeproTech, Rocky Hill, NJ) and 2 mg/mL concavalin A (Calbiochem, La Jolla, CA) at 37 C. Two days later, dead cells were removed by Ficoll gradient separation (GE Healthcare) and CD8 þ cells were isolated using a mouse CD8 negative isolation kit (Stemcell Technologies, Vancouver, BC).
Introduction of luciferase into T-cells for bioluminescence imaging studies was performed by retroviral transduction. Concentrated click beetle red luciferase (CBRluc)-expressing retrovirus [27] 1 mL, kindly provided by Dr. Michel Sadelain (Memorial Sloan-Kettering Cancer Center, New York) was preloaded onto six-well non-tissue culture treated dishes coated with RetroNectin (TakiraBio) and incubated at 37 C incubation for 1 h. An equal volume of isolated T-cells (3 Â 10 6 cells/mL supplemented with 10 ng mIL-2/mL) was added and centrifuged at 2000 Â g for 30 min). 6 hr after spinoculation, 1 mL of fresh, prewarmed RPMI, containing 10 ng mIL-2 (PeproTech, Rocky Hill, NJ) was added. T cells were used for adoptive transfer experiments 1 day after gene transfer.
Nanoparticle conjugation and in situ PEGylation
Lipid NPs were conjugated to the surface of effector T lymphocytes as previously described [23] . Briefly, 60 Â 10 6 T cells/mL were resuspended in serum-free X-Vivo 10 medium (Cambrex, East Rutherford, NJ), mixed with an equal volume of NPs (T cell:NP ratio ¼ 1:1000), and incubated at 37 C for 30 min with gentle agitation every 10 min. After a PBS wash to separate cells from unbound particles, residual maleimide groups present on cell-bound particles were quenched by incubation of 3 Â 10 6 cells/mL with 1 mg/mL thiol-terminated 2 KDa poly(ethylene glycol) (PEG, Laysan Bio, Arab, AL) at 37 C for 30 min in complete RPMI medium, followed by two PBS washes to remove unbound PEG.
Confocal and time-lapse videomicroscopy
We stained CD8 þ T cells with FITC-conjugated cholera toxin B subunit (FITC-CTB, SigmaeAldrich, St. Louis, MO) as described previously [28] . For confocal imaging, T cells were transferred onto fibronectin (SigmaeAldrich)-coated 10 mm teflon ring glass slides (Electron Microscopy Sciences, Hatfield, PA), fixed with 2% paraformaldehyde, mounted with ProLong Gold Antifade reagent (Life Technologies, Grand Island, NY) for 24 h and imaged with a Zeiss LSM 510 laser scanning confocal microscope. For cell migration analyses using time-lapse videomicroscopy we mixed cells with a collagen precursor solution (1.8 mg/mL type I bovine collagen, Advanced BioMatrix, San Diego, CA) and incubated at 37 C to allow polymerization of the solution into a fibrillar collagen gel. T-cell trans-endothelial migration imaging was performed in 24 mm diameter 3 mm pore size Transwell plates (Costar). 1 Â 10 5 MS1 endothelial cells (ATCC) were seeded on gelatin (0.2%)-coated upper wells and allowed to grow for 2 days until confluence. We plated 1 x10 5 CD8 þ effector T lymphocytes, conjugated with 100 DiD þ NPs per T-cell onto confluent MS1 monolayers which had been pre-activated for 4 h with 25 ng/mL TNF-a (Preprotech). The T-cell chemoattractant MCP-1 (10 ng/ml, Preprotech), was added to the lower wells. Cells were imaged in a 5% CO 2 humidified environmental chamber on a Zeiss Axiovert 200 inverted microscope.
Mass spectrometry
Amine-modified polystyrene nanospheres (200 nm, Life technologies) were functionalized with maleimide groups using NHS-PEG 24 -maleimide crosslinkers according to the manufacturer's protocol (Thermo Scientific, Rockford, IL), and were surface-coupled to 2C effector CD8 þ T lymphocytes as described under 2.3. 30 x 10 6 NP-decorated T cells were subsequently lysed in 3 ml of 9.5 M urea, 2% (w/v) CHAPS, 0.8% (w/v) Pharmalyte pH 3-10, 1% (w/v) dithiothreitol (DTT) and 5 mM Pefabloc (all SigmaeAldrich) with vigorous vortexing, followed by 3 Â 20 s sonication (40 Watt power) on ice. To purify NPs from T-cell lysate we pelleted NPs through a 20% sucrose layer at 13.000 g for 15 min and washed the NP-pellet three times with distilled water. We adapted the "filter-aided sample preparation (FASP)" procedure [29] to isolate and identify proteins that became linked to maleimide-functionalized NPs during cell conjugation. Each sample was suspended in 200 ?L of a solution of 8 M urea and 50 mM ammonium bicarbonate, pH 8.5. Dithiothreitol (SigmaeAldrich) was added to a concentration of 10 mM and disulfide bonds were reduced by incubation at 60 C for 45 min. Iodoacetamide (SigmaeAldrich) was then added at a concentration of 22 mM and cysteine thiols were alkylated by incubation at 25 C in the dark for 1 h. Urea and excess reagents were removed with a Microcon (Millipore, Billerica, MA) YM-10 10 kDa MWCO centrifugal filter device. The filtrate was discarded and 50 L of 50 mM ammonium bicarbonate (pH 7.8) and 1 ?g of trypsin (Promega, Madison, WI) were added the NPs, which remained on the Microcon filter in approximately 30e50 L solution.
Protein digestion was carried out on the Microcon filter for 16 h at 25 C. Trypsin digestion was halted by addition of 1% formic acid (SigmaeAldrich) to lower the pH to w3. Proteolytic peptides were then recovered by spinning the suspension through the filter; NPs and peptides larger than those able to pass through the filter membrane remained on the filter. The filtrate volume was reduced in a vacuum centrifuge (Eppendorf, Hamburg, Germany) and the recovered peptides were analyzed by high performance liquid chromatography (HPLC) tandem mass spectrometry. A nanoflow HPLC system (Agilent 1100) with gradient elution, using a water-acetonitrile solvent system with 0.1% formic acid as the ion-pairing agent, was used to effect peptide separation on a reverse phase C 18 Picofrit capillary column (75 ?m internal diameter, New Objective, Inc.) at a flow rate of 300 nL/min. Electrospray ionization mass spectrometry was carried out on an LTQ ion trap mass spectrometer (ThermoFisher). Protein identification was carried out using the fragment ion mass spectra collected from each sample and the Sequest database search software (ThermoFisher); a mouse protein database that was generated from T cell membrane Nanoparticle
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Activating receptor all mouse proteins in the Uniref protein database. Proteins were identified which had at least 90% sequence identity to database sequences. Database search results were tabulated and compared among different samples using Scaffold visualization software (Proteome Software, Inc).
In vitro T-cell expansion assays
We exposed 1 x 10 6 2C effector CD8 þ T lymphocytes to 1 x 10 5 irradiated (15 Gy) TRAMP-SIY target tumor cells in tissue cultureetreated 24-well plates (Corning). Tumor monolayers were pretreated for 24 h with 50 ng/ml murine IFN-g before T-cell coculture. T cells were cultured with or without 150 mM NSC-87877.
No exogenous cytokines were added. On day 4, the number of viable T cells was determined by trypan blue exclusion.
Mice and orthotopic TRP-SIY prostate tumor model
Male C57BL/6 albino mice were obtained from Jackson Laboratories. Transgenic Adenocarcinoma of Mouse Prostate (TRAMP) mice expressing the 2C target antigen SIYRYYGL in the prostate (TRP-SIY mice) were previously described [30] . To enable in vivo longitudinal imaging of prostate tumors, we derived tumor cell clones from TRP-SIY spontaneous tumors and transduced these cells with Gaussia luciferase for imaging following orthotopic prostate implantation in congenic healthy mice: Prostate tumor-initiating stem-like cells were isolated from a primary 40-week old TRP-SIY tumor by non-adherent spheroid culture. First, the TRP-SIY tumor was dissociated by enzymatic digestion (20 mg/ml collagenase II, Gibco-Invitrogen, Carlsbad, CA) for 2 h at 37 C. Recovered cells were cultured in DMEM-F12 medium (Gibco-Invitrogen) supplemented with 20 mg/ml EGF and 10 mg/ml bFGF [31] in ultra-low adherent 6-well plates (Stemcell Technologies) for 1 week with media exchange every 2 days, leading to the growth of tumor cell spheroids.
To retrovirally tag tumor cells for bioluminescent imaging we first cloned the native Gaussia luciferase gene with the N-terminal secretion signal (pUC18 SS-Gluc, Nanolight) [32] into the oncoretroviral vector SFG [27] , and plamid-transfected the pseudotyped retrovirus packaging cell line H29 [33] to generate retroviral particles. Prostate tumorspheres were then dissociated using Accutase cell detachment solution (Stemcell Technologies) and were retrovirally transduced with SFG 
Adoptive T-cell transfer and in vivo bioluminescence imaging
Four weeks after tumor implantation, we treated mice by tail vein injection with 15 x 10 6 CBR-luc transduced 2C T cells and monitored in vivo T-cell distribution and TRP-SIY tumor burden by dual bioluminescent imaging. The following luciferins were used: Native Coelenterazine (Nanolight Technology) as a substrate for sGau-luc, resuspended in 1,2-propanediol (SigmaeAldrich) at a concentration of 1 mg/mL and diluted to 0.25 mg/mL in sterile PBS (Life Technologies) immediately before injection. D-Luciferin (Caliper Life Sciences, Hopkinton, MA) was used as a substrate for CBR-luc, resuspended in PBS (15 mg/mL). Bioluminescence images were collected on a Xenogen IVIS Spectrum Imaging System (Caliper Life Sciences). Living Image software version 3.0 (Caliper Life Sciences) was used to acquire and quantitate the bioluminescence imaging data sets. Native coelenterazine was injected through the tail vein (5 mg/kg) into 2% isofluorane-anesthetized animals followed immediately by 5 min acquisitions. D-Luciferin was injected (150 mg/kg) i.p. 10 min before acquisitions ranging from 10 s to 5 min.
Flow cytometry
Anti-mouse CD8-APC and anti-CD45.1-FITC antibodies, were purchased from Ebioscience. Four days after T-cell injection, prostate tumors were resected and enzymatically dissociated in 20 mg/ml collagenase II, (Gibco-Invitrogen, Carlsbad, CA) for 2 h at 37 C. Recovered cells were surface-stained with antibodies, washed twice with PBS and acquired on a FACSCalibur Flow Cytometer (BD Biosciences).
Statistical methods
We used the unpaired Student's t-test to test the difference between bioluminescence signals and the log-rank test to analyze survival data. All statistical analyses were performed using Prism 4.0 software.
Results
Linkage of MLVs to effector T-cells
Building on our prior work using cell-bound protein-loaded nanoparticles to deliver cytokines to cell surface receptors of T-cells, our strategy to modulate intracellular signaling in ACT Tcells was to link lipid vesicles loaded with membrane-permeable small-molecule drugs to the plasma membrane ( Fig. 1A) . For the effective retention and slow release of small-molecule drugs, we first tested whether gel-phase multilamellar lipid vesicles could be linked to CD8 þ effector cells using the maleimide-mediated conjugation approach we previously reported for linking lipid and polymer particles to endogenous thiols of cell surface proteins on lymphocytes. Maleimide-headgroup MCC-PE lipids incorporated into HSPC/cholesterol multilamellar vesicles (MLVs) were stable to vesicle processing at 62 C, and incubation of T-cells with MCC-functionalized MLVs led to particle linking to cells, similar to our previous findings with low-T m lipid particles (Fig. 1B) . Particles bound to T-cells were stable to repeated washing/centrifugation steps in vitro.
Spatiotemporal distribution of membrane-linked nanoparticles on the surface of effector T lymphocytes
To mediate their therapeutic functions, adoptively transferred T-cells need to extravasate from blood vessels into the extracellular matrix following adoptive transfer to seek and lyse tumor targets [34] . Since both eventse T-cell transmigration across vasculature and the formation of lytic synapses with tumor cells einvolve the large-scale reorganization of plasma membrane proteins [35] , we first assessed whether plasma membrane-anchored NPs altered their surface distribution in response to the dynamic behavior of their carrier T-cell. Confocal imaging revealed that NPs are evenly distributed on the surface of non-motile effector T cells in suspension (Fig. 1B, Fig. 2A ). To track cell-bound NPs during T lymphocyte migration across endothelial barriers, we utilized an in vitro transwell co-culture system in which NP-conjugated effector T-lymphocytes migrate across a membrane-supported confluent endothelial monolayer in response to a chemoattractant placed in the lower chamber. Rapidly after seeding on endothelium all spherical T cells polarized to a characteristic "handmirror" morphology, and compartmentalized their NP pool to the uropod (Fig. 2B ) likely reflecting the uropodal localization of many cell surface proteins on migrating T-cells [36] . This rearward polarization of cell surface-bound particles was also observed when T cells were seeded into 3D-collagen gels, which mimic tissue extracellular matrix and support spontaneous amoeboid T-cell motility, as visualized by time-lapse videomicroscopy (Fig. 2C ). Next, to address whether NPs remain compartmentalized at the rearward end of T-cells once they encounter cognate antigen, we imaged MLV-conjugated 2C TCR-transgenic CD8 þ effector T-cells engaging TRAMP prostate tumor cells, which express the target antigen of the T-cells (SIYRYYGL in the context of H-2K b ) [30] . Surprisingly, imaging of fixed T-cell-tumor cell conjugates after 20 min of co-incubation revealed that a majority of T-cells polarized their surface-bound NPs into the contact zone with the target tumor cell, colocalizing with GM1 ganglioside-rich membrane microdomains known to polarize into the immunological synapse [37] ) (Fig. 3A,B and Table 1 ). To determine the dynamics of this repolarization, we imaged 2C T-cells decorated with fluorescent MLVs in time-lapse as they interacted with GFP-expressing TRAMP tumor cells in collagen gels. As T-cells contacted tumor cells, the surface-conjugated NPs were rapidly redistributed from the uropod into the nascent immunological synapse at the T-cell/APC contact zone (Fig. 3B ). We confirmed that accumulation of MLVs in the immunological synapse upon contact with antigen did not interfere with target cell killing ( Fig. 3C) or cytokine release by the T-cell ( Fig. 3D ), in agreement with our previous work using low T m -lipid-based nanoparticles, where we found that coupling of up to w100 particles on average to each T cell is nontoxic and does not affect key cellular functions [23] . Thus, NPs conjugated to CD8 þ T-cells are carried at the uropod of migrating cells but dynamically polarize to the IS during target cell recognition. However, for particle densities of at least 100 NPs/cell, translocation to the T-cell-target cell interface does not block the effector functions of killer T-cells.
Mass spectrometry characterization of nanoparticle anchor proteins in T-cell membranes
Maleimide-mediated coupling of NPs to T-cells has the advantage of allowing T-cells to be decorated by simply mixing reactive particles with the cells in the absence of additional manipulation of the lymphocytes, but in this approach the identity of the cell surface proteins to which the particles become anchored is also not known a priori. To identify proteins involved in anchoring of the particles to the cell surface and uncover the mechanistic basis for NP accumulation in the immunological synapse, we identified NP "anchor proteins" on T-cells by mass spectrometry. For these assays, we conjugated T-cells with maleimide-functionalized polystyrene NPs of similar size to our MLVs (200 nm diam.), which could be recovered (along with any conjugated plasma membrane proteins) following lysis of the decorated cells using sucrose gradient centrifugation. The recovered particles/proteins were washed multiple times to remove loosely attached proteins or cytosolic contaminants, then digested with trypsin. We then determined peptide mass fingerprints by LC-MS, which were matched to a protein sequence database to identify the particle-associated membrane molecules [38] . The relative frequency of distinct proteins linked to the particles was estimated by scoring the percentage of independent MS samples where each protein was robustly identified (via 3 or more unique peptide signatures) ( Tables 2 and 3 ). Using this methodology, we found that leukocyte common antigen (CD45), a large, abundant transmembrane tyrosine phosphatase containing cysteine-rich extracellular domains [39] , is a predominant membrane anchor of maleimide-functionalized NPs on T-cells ( Table 2) .
CD45 serves as a regulatory master switch of T-cell activation and is recruited along with the T-cell receptor into the central compartment of the early immunological synapse [40] . A second group of NP-binding membrane proteins we identified in our proteomic screen were adhesion molecules that stabilize the central signaling region of the IS [1] , including the aLb 2 integrin (LFA-1) [41] , adhesion molecule CD2 [42] , and CD97, a receptor involved in both cell adhesion and signaling processes early after leukocyte activation [43] . Importantly, in none of 10 independent experiments were components of the T-cell receptor itself or its coreceptor CD8 identified as NP anchor proteins, which may in part explain the uncompromised antigen recognition capability of NPdecorated T cells. Beyond signaling or adhesion receptors, large highly-expressed membrane transport proteins, such as the amino acid transporter CD98 [44] and the transferrin receptor [45] were also found bound to NPs ( Table 3 ). Both of these carrier proteins have also been described in the literature to traffic to the immune synapse in response to TCR triggering [46, 47] . Among the group of membrane proteins without intrinsic synapse-homing properties, class I major histocompatibility complexes [48] emerged as prominent NP anchor proteins ( Table 2) . Also the large catalytic ATPase subunit (alpha) and a smaller glycoprotein subunit (beta) of the sodium/potassium pumps [49] were detected at high frequency (Table 3 ). In conclusion, these results demonstrate that maleimide-functionalized NPs conjugate to a few select anchor proteins, rather than the entire pool of proteins displayed on T-cell surfaces. Notably, the majority of the detected NPbinding molecules are known to actively translocate into the nascent immunological synapse, explaining the observed transport of cell-bound NPs to the T-cell-APC contact zone during T-cell activation.
Shp1/2 inhibitor-loaded nanoparticles for promoting TCR signaling at the immunological synapse
Adoptive cell therapy with anti-tumor T-cells represents a potent new treatment modality for patients with cancer, but tumors can render these T-cell attacks inefficient by upregulating suppressive ligands at the T-cell-tumor cell contact zone [50] . Given the synapse localization of T-cell-bound nanoparticles, we were motivated to explore the delivery of small-molecule drugs targeting critical signaling pathways active at the IS, to block negative regulatory signals delivered by tumor cells and other cells in the tumor microenvironment. To this end, we chose to focus on inhibitors of Shp1 and Shp2, key phosphatases that downregulate T-cell receptor signaling [26] . These phosphatases are recruited to the IS and activated by a host of negative regulatory signaling receptors expressed by T-cells, and in turn Shps deactivate the TCR signaling chain (Fig. 4A) [26] . We thus hypothesized that inhibition of Shp activity in the synapse would block multiple suppressive signals coming from tumor cells that would normally restrain T-cell anti-tumor activity (Fig. 4A) .
NSC-87877 is a recently-described cell-permeable inhibitor of Shp-1 and Shp-2 (Fig. 4B , referred to hereafter as Shp inhibitor (ShpI)) [25] . To test the potential of ShpI for amplifying T-cell activation and tumor cell recognition, we added soluble ShpI to cocultures of 2C T-cells and SIY-expressing prostate tumor cells, and measured the proliferation of T-cells in the presence of the drug. As shown in Fig. 4C , after 4 days of co-culture, T-cells in control untreated cultures were dying out (fold-expansion over input T-cell numbers < 1), while ShpI-supplemented cultures showed a 3.4fold expansion in T-cell numbers, a net increase in the number of viable T-cells of w11-fold compared to controls (p < 0.001). Thus, Shp inhibition has clear potential to enhance the function of tumorspecific T-cells.
To minimize premature drug leakage from nanocarriers during in vivo transit before T-cells reach their target sites, we entrapped ShpI in the aqueous core of 200-nm maleimide-functionalized lipid vesicles, stabilized by inclusion of high T m lipid hydrogenated soybean phosphatidylcholine (HSPC) and cholesterol. Formation of MLVs in the presence of ShpI led to encapsulation of the inhibitor with 17 AE 6% efficiency, and the resulting MLVs slowly released the drug over a 6-day time period (Fig. 4D ). As shown in the confocal micrograph of Fig. 4E , ShpI-loaded MLVs conjugated to CD8 þ T-cells in a manner indistinguishable from "empty" particles.
Bioluminescence-based orthotopic prostate tumor model for adoptive T-cell therapy
As a cancer with the highest rate of new cases in 2010 and the second leading cancer killer in men [51] , we sought to test our approach for enhancing ACT via T cell-linked NPs in vivo in a model of prostate cancer. We recently described the TRP-SIY transgenic mouse model of prostate cancer, where male mice spontaneously develop orthotopic prostate tumors following puberty that express the 2C T-cell target epitope SIYRYYGL (SIY) [30] . Since tumor formation in TRP-SIY mice relies on sporadic tumor-initiating events, tumor burden can vary widely from mouse to mouse. Furthermore, longitudinal cohort studies to measure the prostate cancer volume in TRP-SIY animals rely on expensive and timeconsuming magnetic resonance imaging (MRI) techniques, which precludes a reliable and accurate comparison between large treatment groups. To overcome these issues, we sought to generate TRP-SIY tumor-derived cell lines transduced with luciferase, which could be orthotopically transplanted into healthy mice to develop prostate tumors that could be monitored by bioluminescence imaging. Following a recently reported approach for enriching putative "cancer stem cells" from primary tumors [31] , we isolated cells from well-developed tumors in the prostate of a 40-week old TRP-SIY mouse and placed these cells in non-adherent spheroid culture (Fig. 5A ). Prostate tumorspheres expressed high levels of the pluripotency markers Nanog and SSEA-1 compared to adherent TRAMP-C2 cells, a historical prostate tumor cell line derived from TRAMP mice. We retrovirally transduced tumor cell clones isolated from these cultures with a secreted Gaussia luciferase (sGau-Luc) gene [32] (Fig. 5B ) for serial bioluminescent imaging. When orthotopically transplanted into the dorsal lobe of the prostate gland of C57BL/6 mice ( Fig. 5C ), sGau-Luc þ TRP-SIY tumor cells reproducibly developed into SIYRYYGL þ lesions within 4e6 weeks ( Fig. 5D , Supplementary Fig. 1A ), which were sensitive to lysis by CD8 þ effector T cells from 2C TRC transgenic mice ( Supplementary Fig. 1B ).
Ex vivo conjugation of ShpI-loaded nanoparticles to prostate tumor-specific T-cells promotes their expansion in well-established prostate tumors
To test whether NPs carrying ShpI could enhance the expansion of T-cells in tumors by locally blocking tumor-induced suppression in the synapse, we designed experiments to simultaneously track Tcell expansion and tumor burden longitudinally using two-color bioluminescence imaging. First, sGau-Luc þ TRP-SIY tumors were implanted orthotopically in the prostates of C57BL/6 mice and allowed to develop for 1 month. To track and quantify in vivo T-cell migration and accumulation in relation to tumor localization and tumor burden, we retrovirally-transduced 2C T-cells with click beetle red luciferase (CBR-luc) [27] . These luc-expressing T-cells were conjugated with ShpI-loaded MLVs in vitro as before prior to adoptive transfer (total drug dose of 5.1 mg ShpI per 10 6 T-cells).
Four weeks post tumor implantation, we quantified sGau-Luc TRP-SIY tumor burden by bioluminescence imaging (Fig. 6A, top row) , and randomly assigned mice to four groups. Two treated groups were administered 15 x 10 6 ShpI NP-conjugated 2C T-cells or an equal soluble dose of ShpI (76.5 mg/animal) plus unmodified 2C T-cells. Control mice were infused with 2C T cells only or received no treatment.
Serial imaging of mice revealed that 2C T cells concurrently injected with a bolus dose of ShpI showed no difference in their ability to expand in established sGau-Luc TRP-SIY tumors relative to unmodified T cells (Fig. 6A, third row, Fig. 6B ). By contrast, T cells decorated with ShpI NPs accumulated in prostate tumors at 5.7-fold higher levels by day 4 post-infusion compared to T-cells supported by the same drug dose administered in an unencapsulated soluble form (Fig. 6A, third row, Fig. 6B ). Quantitatively similar results were obtained by dissecting tumors 4 days after T-cell transfer and assessing the frequency of infiltrating 2C T-cells by flow cytometry (Fig. 6C) . T-cells carrying ShpI-releasing MLVs showed a 5.2-fold reduction in tumor burden relative to untreated animals 10 days after T-cell transfer (p < 0.001), whereas tumors treated with 2C T-cells alone or 2C T-cells supported by systemic ShpI injection did not yield significant reduction in tumor burden (w1.2-fold, Fig. 6D ). Further, this single adoptive cell transfer with Shp NP-carrying 2C T-cells yielded a mean 14-day survival advantage over untreated groups (P < 0.01), with some animals surviving 60 days longer than the last surviving control mice despite the massive tumor burden at the time of treatment (Fig. 6E ). Animals treated with unmodified 2C T cells did not survive significantly longer than the no-treatment control group (median survival: 108 versus 98 days, respectively, P ¼ 0.16), consistent with a poor expansion and persistence of adoptively transferred T cells in the prostate tumor tissue ( Fig. 6E) . Notably, ShpI NPs did not alter T-cell infiltration of tissues outside the tumor, suggesting a lack of nonspecific 2C T-cell activation at non-tumor sites. In summary, these results demonstrate that NP-mediated delivery of the suppression-blocking Shp1/2 inhibitor greatly augments the efficacy of this drug and enhances ACT therapy in this orthotopic model of prostate cancer.
Discussion
The contact region between a T cell and an APC represents an ideal target to therapeutically modulate immune responses since it clusters a high density of key molecules, which dictate the activation and fate of lymphocytes [52e54]. With this in mind, one central area of research and development in the tumor immunotherapy and autoimmunity fields has been to evaluate therapeutic agents for their potential to tune receptoreligand interactions at the immunological synapse. Examples include inhibiting the PD-1/ B7-H1 (PD-L1) pathway to activate anti-tumor immunity [55] or targeting the protein kinase C (PKC)-q function in the synapse of effector T cells to treat chronic autoimmune disease [13] . Most notable, however, has been the approval of the anti-CTLA-4 antibody, Ipilimumab, by the Food and Drug Administration for the treatment of advanced melanoma [56] . CTLA-4 is a key negative regulatory receptor in T-cell activation, which is exocytosed into the synapse following TCR stimulation [9] . Despite the clinical success of Ipilimumab, the need for repeated high-dose injections to yield a modest 13% response rate [5] , in combination with adverse drug reactions, illustrate the limitations of systemic infusions to target drugs into the synaptic compartment.
To safeguard against uncontrolled stimulation, T-cells cluster specific signaling receptors into spatially restricted regions of the plasma membrane, where they are positioned in proximity to respective ligands only when needed [36, 57] . Here we have exploited this mechanism as a strategy to direct drugs to their target receptors "on-demand", by linking maleimidefunctionalized nanocarriers to free thiol groups on the surface proteins of T-cells. We demonstrate that membrane-linked NPs initially cluster at the rear cell pole in motile lymphocytes, but rapidly relocate to the nascent immunological synapse following TCR activation, without perturbing normal cell function (Fig. 3) . This dynamic redistribution of NPs on the T-cell surface likely reflects lateral movements of the integral membrane proteins to which NPs are anchored within the lipid bilayer. We show that T cell-coupled nanocarriers colocalize with the TCR-signaling complex in the immune synapse only following TCR antigen recognition (Fig. 3A,B) . Adoptive T-cell therapy in the clinic aims to selectively augment the function of tumor-infiltrating T cells while minimizing autoimmune toxicities of tumor/self-reactive T cells in the periphery [58, 59] . By conjugating drug-loaded NPs to tumorspecific T-cells prior to adoptive transfer, we can target potent stimulants into the immune synapse of these cells with great specificity and greatly reduced potential for off-target side effects compared to systemic drug infusions, for the implementation of safe and efficient T-cell therapy. In addition, these results explain our earlier finding that T-cells could be decorated with at most w100e120 particles with sizes of w200 nm before signs of interference with T-cell activation, despite the fact that in these conditions, the particles occupy only a few percent of the total T-cell surface [23] . We find that this result is not due to preferential coupling of particles to critical components of the T-cell activation machinery, but rather due to physical clustering of a majority of the particles attached to each cell into the T-cell-target cell interface during synapse formation, where they may stericallly interfere with synapse assembly if present at too high a concentration.
Our rationale to deliver the Shp-1/2 phosphatase inhibitor NSC-87877 as a drug cargo into the T-cell synapse was motivated by several factors. First, Shp phosphatases are recruited into the synapse, where they deactivate key signaling molecules to terminate T-cell activation and proliferation [26] . To avoid immune recognition, cancer cells activate Shp-1/2 in tumor-infiltrating T lymphocytes by stimulating a myriad of inhibitory receptors on Tcells, such as PD-1 [14] , CTLA-4 [60] , TGF-b [61] , or IL-10 [62] (Fig. 4A ). NSC-87877 can therefore shield T cells from a multitude of tumor-derived inhibitory factors, as opposed to antibodies that block only one out of many functionally redundant receptoreligand interactions. Secondly, protein tyrosine phosphatases inhibitors are worth exploring therapeutically as a fairly new addition to the therapeutic armamentarium of tumor immunotherapy drugs. Potent, cell permeable and highly selective Shp1/2 inhibitors have been identified by large-scale screening of compound libraries, and have not been commercially available until recently [15, 25] . Lastly, Shp1/2 -phosphatase inhibitors are ideal compounds to test the benefits of targeting a drug into the immune synapse via T-cell linked NPs, versus intravenous injections. Chronic inflammation and systemic autoimmunity are commonly-observed side effects following systemic Shp-1 inhibition [63] , which has hampered the clinical testing of Shp-1 inhibitors with proven in vitro activities [64] . As a matter of fact, only a single low-potency Shp-1 inhibitor, sodium stibogluconate, which is an FDA-approved compound for the treatment of Leishmaniasis, is currently undergoing clinical evaluation for patients with solid tumors [12] . More recent studies, however, link systemic stibogluconate infusions to an enhanced activity of immunesuppressive regulatory T-cells, which would be the exact opposite of the desired immune-boosting outcome [65] . In contrast, stable chemical conjugation of drug-loaded NPs to the surface of Tcells provides a means for synapse-directed delivery of compounds, where tiny doses of drug can be bioactive and thereby limiting exposure of healthy tissue to toxic side effects. Beyond adoptive T-cell therapy for cancer, our studies hold promise to in vivo modulate synapse-driven cell fate decision of other cell types used to treat autoimmunity and transplant rejection, such as regulatory T cells or iNKT cells [66, 67] , and may be applicable in other cell therapies in preclinical and clinical development [68, 69] . 
Conclusions
We show here that synthetic nanocarriers can be linked to the surface of T-cells and are actively carried to the immunological synapse by the membrane proteins to which they anchor. Surfaceengineered lymphocytes deliver their NP cargo to tumor sites and concentrate drugs at the T-cell/tumor cell contact zone "on demand" following tumor recognition. By focusing drug action only on immune cells for which they were intended, our strategy offers the tantalizing prospect of safely delivering highly potent immune stimulants.
